This study sought to encapsulate a high concentration of L-ascorbic acid, up to 30% (w/v), in the inner aqueous phase of water-in-oil-water (W/O/W) emulsions with soybean oil as the oil phase. Two-step homogenization was conducted to prepare W/O/W emulsions stabilized by a hydrophobic emulsifier and 30% (v/v) of W/O droplets stabilized by a hydrophilic emulsifier. First-step homogenization prepared W/O emulsions with an average aqueous droplet diameter of 2.0 to 3.0 m. Second-step homogenization prepared W/O/W emulsions with an average W/O droplet diameter of 14 to 18 m and coefficients of variation (CVs) of 18% to 25%. The results indicated that stable W/O/W emulsions containing a high concentration of L-ascorbic acid were obtained by adding gelatin and magnesium sulfate in the inner aqueous phase and glucose in both aqueous phases. L-Ascorbic acid retention in the W/O/W emulsions was 40% on day 30 and followed first-order kinetics.
Double emulsions are categorized as complex dispersion systems and are regarded as emulsions of emulsions.
1) Double emulsions are further classified into water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O) emulsions. Most industrial applications utilize W/O/W emulsions, whereas the applicability of O/W/ O emulsions is still limited, mainly due to solubility issues. W/O/W emulsions have attracted a great deal of interest for various applications, including foods, 2) pharmaceuticals, 3) and cosmetics. 4) For instance, they have been utilized as controlled-release drug-delivery systems (DDS), 5) as templates for preparing microcapsules with enhanced stability and controlled release of functional food components, 6) and in the formulation of reduced-calorie food emulsions. 7) Food-grade W/O/W emulsions are usually prepared by two-step emulsification using conventional mechanical emulsification devices (e.g., rotor-stator homogenizers and high-pressure homogenizers). They are mostly polydisperse, and structurally heterogeneous. W/O/W emulsions with high monodispersity can be prepared by membrane emulsification 8, 9) or microchannel emulsification 10, 11) as the second-step emulsification. In W/O/W emulsions, oil droplets containing inner aqueous droplets as dispersed phase are further dispersed in an outer aqueous phase. Compared to single emulsions, W/O/W emulsions are capable of encapsulating hydrophilic components with higher entrapment yields and stability against degradation. 1) These advantages make them useful as dispersion systems for encapsulating food-grade hydrophilic components.
Stabilizing double emulsions is a major challenge for the food, cosmetic, and pharmaceutical industries. In general, several major factors (e.g., Ostwald ripening, coalescence, flocculation, and creaming) are responsible for destabilizing emulsions. Moreover, the stability of W/O/W emulsions is critically influenced by the osmotic pressure balance between the inner and the outer aqueous phase, 12) the volume ratio balance between the oil and the outer aqueous phase, and the selection of hydrophilic and hydrophobic emulsifiers. 13, 14) L-Ascorbic acid (vitamin C), an important watersoluble vitamin, is the most widely used vitamin supplement in the world. 15) It plays an important role in the biosynthesis of collagen, carnitine, and neurotransmitters. 16) Plants and most animals synthesize Lascorbic acid for their own requirements, but primates and humans are unable to synthesize L-ascorbic acid due to lack of the enzyme gulonolactone oxidase.
17) L-
Ascorbic acid is a labile molecule, so it can be lost from foods during cooking, processing, and preservation. 15) Cooking loss of L-ascorbic acid depends upon many factors (e.g., heating at high temperature, surface area exposed to water, oxygen, pH, and the presence of transition metals).
18) Synthetic L-ascorbic acid is available in a wide variety of supplements in the forms of tablets, capsules, chewable tablets, crystalline powder, effervescent tablets, and liquids.
L-Ascorbic and dehydroascorbic acid are the major dietary forms of vitamin C. All forms of ascorbic acid are soluble in water, except for ascorbyl palmitate, which y To whom correspondence should be addressed. Tel: +81-29-838-8025; Fax: +81-29-838-8122; E-mail: isaok@affrc.go.jp is used in commercial antioxidant preparations due to its greater lipid solubility. 19) L-Ascorbic acid and its fatty acid esters are used as food additives, antioxidants, browning inhibitors, reducing agents, flavor stabilizers, dough modifiers, and color stabilizers. 20, 21) Encapsulating L-ascorbic acid in emulsion systems is highly recommended due to its hydrophilic nature and rapid degradation in bulk aqueous systems. Both singleand double-emulsion systems are used to encapsulate L-ascorbic acid. Several research groups have encapsulated L-ascorbic acid at low concentrations (up to 5%) in aqueous droplets using the W/O/W and O/W/O techniques. [22] [23] [24] [25] [26] Nevertheless, in order to formulate food-based products such as high energy drinks, high concentrations of active components are required.
The primary objective of this study was to prepare stable W/O/W emulsions containing a high concentration of L-ascorbic acid in the inner aqueous phase. We investigated the effects of type of sugar in the outer aqueous phase and the addition of gelatin in the inner aqueous phase on the preparation and stability of W/O/ W emulsions and the retention kinetics of L-ascorbic acid in W/O/W emulsions. The W/O/W emulsions prepared were also characterized by microscopic analysis, and the results were employed to evaluate physical stability.
Materials and Methods
Materials. L-Ascorbic acid (>99:6% purity), refined soybean oil, magnesium sulfate (MgSO 4 ), gelatin, glucose, fructose, sucrose, and methanol were purchased from Wako Pure Chemical Industries (Osaka, Japan). Xanthan gum was purchased from Tokyo Chemical Industry (Tokyo, Japan). These reagents were of analytical grade. Tetraglycerin monolaurate condensed ricinoleic acid ester (TGCR, CR-310) was from Sakamoto Yakuhin Kogyo (Osaka, Japan). Decaglycerol monolaurate (DGM, Sun Soft A-12E) was from Taiyo Kagaku (Yokkaichi, Japan).
Preparation of W/O/W emulsions. W/O/W emulsions were prepared by two-step emulsification using a Polytron (rotor-stator) homogenizer (PT-3000 Kinematica-AG, Littau, Switzerland) (Fig. 1) .
In W/O/W emulsions, the osmotic pressure generated by the presence of electrolytes (e.g., NaCl or MgSO 4 ) in the inner water phase can cause swelling and ultimately bursting of the inner aqueous droplets, with negative impact on W/O/W emulsion stability. In order to avoid these effects, the concentration of electrolytes must be high enough to counteract the Laplace pressure but sufficiently low to avoid osmotic effects. 13) Osmotic pressure (Å) can be calculated by the Morse equation (Å ¼ iMRT), a modified form of the van't Hoff equation, 27) where i is the van't Hoff factor, with a value of 2 for MgSO 4 ; M is the molecular concentration of MgSO 4 , L-ascorbic acid, and various sugars; R is a constant with a value of 8.31 KPa m 3 K À1 mol À1 ; and T is the thermodynamic temperature (K). The osmotic pressure of both the inner and outer aqueous phase was adjusted to 0.17 MPa at 25 C (298 K).
Firstly W/O emulsions were prepared using an inner aqueous phase containing L-ascorbic acid (10 to 30% w/v), MgSO 4 (1% w/w), and gelatin (0 to 1% w/v), and an oil phase containing a hydrophobic emulsifier (TGCR, 5% w/w). Milli-Q water with a resistivity of 18 M cm was used as the medium for all the aqueous phases. The volume fraction of the inner aqueous phase ( w ) was fixed to 30%. Thirty mL of the inner aqueous phase was added to 70 mL of the oil phase at room temperature (about 25 C), followed by first-step emulsification at 7000 rpm for 5 min with the Polytron homogenizer.
Next, W/O/W emulsions were obtained by dispersing the W/O emulsion in an outer aqueous phase containing a hydrophilic emulsifier (DGM, 1% w/w), MgSO 4 (1% w/w), and a sugar (glucose, fructose, or sucrose, 10 to 30% w/w). The volume fraction ( w/o ) of the W/O emulsion was fixed at 30%. The W/O emulsion phase was added to the outer aqueous phase at a total volume of 100 mL at room temperature, followed by second-step emulsification at 5000 rpm for 5 min with the Polytron homogenizer. During emulsification, 10 mL of an aqueous solution containing xanthan gum (1% w/v) was added to stabilize the W/O droplets that formed.
Determination of average droplet diameter. Microscopic observations were made with an optical microscope (DM IRM, Leica Microsystems, Wetzlar, Germany) to analyze the W/O and W/O/W emulsions prepared. Samples of W/O/W emulsions were diluted 10 times in the outer aqueous phase, prior to analysis. In order to determine the average droplet diameter (d av ), the diameters of 250 droplets in the micrographs captured were manually measured using image analysis software (WinRoof ver. 5.6, Mitani Co., Fukui, Japan). The coefficient of variation (CV) was used as an indicator of the droplet size distribution of the emulsions prepared CV ¼ ð=d av Þ Â 100 ð%Þ, where is the standard deviation of the droplet diameter (mm). C. All samples (10-g aliquots) were centrifuged at 3000 rpm for 30 min using a laboratory centrifuge (KN-70, Kubota, Tokyo). After centrifugation, samples were inspected for eventual phase separation. Testing was replicated at time intervals previously determined.
Retention kinetics of L-ascorbic acid in W/O/W emulsions. LAscorbic acid encapsulated in the W/O/W emulsions was determined by the spectrophotometric method reported by Zeng et al., 28) which was originally used to measure L-ascorbic acid solubilized in aqueous solution. All spectral measurements of methanolic extracts of W/O/W emulsions were carried out with a UV/VIS/NIR spectrophotometer (V-570, Jasco, Hachioji, Japan). Next, 1 mL of W/O/W emulsion was extracted with 10 mL of methanol, followed by ultrasonication for 20 min. The methanolic extract was then centrifuged (KN-70, Kubota) at 2000 rpm for 15 min. A 1-mL aliquot of the supernatant was diluted to 20 mL with methanol, and the diluted solution was then injected into a quartz cell with a 10-mm pass length. The absorbance of L-ascorbic acid in this solution was measured at 247 nm using an appropriate blank. A representative standard curve of absorbance versus concentration gave linear least-squares regression with a coefficient of determination (r 2 ) of 0.9996. All experiments were repeated in triplicate and mean values were calculated. The retention ratio, defined as R ¼ ðC AA =C AA,0 Þ Â 100, was calculated as the ratio of the Lascorbic acid concentration measured at a given storage time (C AA ) to the initial L-ascorbic acid concentration (C AA,0 ).
Statistical analysis. Analysis of variance (ANOVA) tests were used to analyze the characterization data at a confidence level of 95% (p < 0:05). A least-significant difference (LSD) test was used to compare the effect of adding gelatin on the average oil droplet diameter of the W/O/W emulsions and the effect of storage time on the droplet diameter of the W/O and W/O/W emulsions. LSD was calculated by the method described by Steel et al.
29)
Results and Discussion
Effects of the compositions of aqueous phases on the preparation of W/O/W emulsions
Osmotic pressure plays a very important role in the stability of W/O/W emulsions, and Laplace pressure works against the stability of W/O emulsions.
30) The addition of a small quantity of electrolyte to the disperse phase has a stabilizing effect on W/O emulsions, by counteracting the Laplace pressure effect. Kanouni et al. 12) found that stabilization of W/O/W emulsions required a balance between the osmotic pressures of the outer and the inner aqueous phase. Considering these results, the outcomes of adding various sugars in the outer aqueous phase and adding gelatin in the inner aqueous phase were investigated.
Effects of adding sugars in the outer aqueous phase A well-balanced composition of aqueous phases is needed in order to prepare stable W/O/W emulsions. Figure 2 indicates the variation in the average W/O (Fig. 3a) . This creaming may have occurred due to considerable flocculation of the W/O droplets, which causes much faster creaming of aggregated droplets (flocs). The micrographs in Fig. 3b depict aggregation of W/O droplets in the outer aqueous phase containing fructose or sucrose. Stokes' law gives a good description of the terminal creaming rate of isolated emulsion droplets and flocs, provided that there is little movement of the liquid within the droplets. 31) This condition is fulfilled when the viscosity of the droplets (the dispersed phase) is significantly greater than that of the continuous phase, or when the droplets are surrounded by an emulsifier membrane that resists deformation. 31) The terminal creaming rate of an individual droplet is defined as v dr ¼ Àgd dr 2 Á=18 c , and that of a floc is defined as v floc ¼ Àgd floc 2 Á=18 c , where g is gravitational acceleration, d dr is droplet diameter, d floc is floc diameter, Á is the density difference between the droplet or floc and the continuous phase, and c is the viscosity of the continuous phase. The formation of flocs caused by droplet aggregation greatly increases the creaming rate of emulsions.
Adding glucose leads to increased molecular movement, interfacial film formation, and the setting up of physical barriers with components due to the nonNewtonian behavior of emulsions. 32, 33) Creaming and oiling-off are the results of a variety of physicochemical mechanisms that occur within W/O/W emulsions, including gravitational separation, flocculation, and coalescence. Schmidts et al. 34) reported that it was difficult to obtain physically stable W/O/W emulsions using hydrophilic sucrose esters in the continuous aqueous phase. Added fructose or sucrose in the continuous aqueous phase can interact with the hydro- phobic emulsifier at the oil-water phase and weaken the repulsive interaction between the adjacent interfacial films that prevents rapid creaming.
Effects of adding gelatin to the inner aqueous phase
The effects of adding gelatin to the inner aqueous phase on the droplet size and droplet size distribution of the W/O/W emulsions prepared is depicted in Fig. 2 . Adding gelatin did not significantly affect (p > 0:05) the d av,w/o of the W/O emulsions (Fig. 2a) . The d av,w/o/w of the W/O/W emulsion in the presence of gelatin was greater than that of the W/O/W emulsion in the absence of gelatin, whereas the CV of the W/O/W emulsions was unaffected by added gelatin. The W/O/W emulsion containing gelatin had smooth mobility with a good organoleptic profile in terms of color, flowability, and stability in comparison to that without gelatin. The W/ O/W emulsion prepared in the presence of gelatin had better stability against creaming than that in the absence of gelatin (data not shown).
Adding gelatin to the aqueous phase of the W/O emulsions resulted in a narrow size distribution with improved stability and a good organoleptic profile. 35) Evison et al. 36) have reported that adding 1% (w/w) gelatin in the inner aqueous phase of W/O/W emulsions led to a substantial increase in the yield of an encapsulated compound and better stability against the coalescence of both inner aqueous and oil droplets. Biopolymers such as gelatin that are incorporated in W/ O/W emulsions also act as chelating agents that can reduce the release rate of encapsulated compounds. 2, 37) In our study, this gelation and chelating action of gelatin were assumed to be responsible for increasing the stability of the W/O/W emulsions against sedimentation and creaming. The additional gelatin can also act as a buffer to balance the effect of a high concentration of L-ascorbic acid in W/O/W emulsions. Figure 4 presents the average diameters (d av,w/o and d av,w/o/w ) and CV of the oil droplets and inner aqueous droplets in prepared W/O/W emulsions containing various concentrations of L-ascorbic acid. The concentration of L-ascorbic acid in the inner aqueous phase was varied from 10 to 30% (w/v), and gelatin was added to all the inner aqueous phase solutions at a concentration of 1% (w/v). The concentration of glucose in the outer aqueous phase was also varied from 10 to 30% (w/v), depending on the preceding L-ascorbic acid concentration. The W/O emulsions, with a w of 30%, used in second-step homogenization, had a d av,w/o of 2.3 to 2.8 mm and a CV of 10 to 16%. The d av,w/o value increased slightly with increasing L-ascorbic acid concentrations, probably due to the increased viscosity of the inner aqueous phase ( Table 1 ). The interfacial tension between the inner aqueous phase and the oil phase was independent of the L-ascorbic acid concentration (Table 1) (Table 1) , as the interfacial tension between the oil phase and the continuous aqueous phase was unaffected by the L-ascorbic acid concentration. The results shown in Fig. 4 indicate the successful preparation of W/O/W emulsions containing a high concentration of L-ascorbic acid (up to 30% w/v) in the inner aqueous phase, considerably higher than those previously reported. (Fig. 5a ). For the resulting W/O/W emulsions, there was a non-significant difference in d av,w/o/w and almost no change in CV w/o/w between days 1 and 35 (Fig. 5b) . The variation in d av,w/o/w can be ascribed to coalescence of the W/O droplets and/or an osmotic pressure effect that becomes important after a certain duration. retention kinetics. The diffusive transfer of L-ascorbic acid through the oil phase is a very complex process and its origin remains controversial. Based on first-order kinetics, it can be stated that L-ascorbic acid transfer involves various steps, and that interfacial and aqueous phase composition have an influence on the release rate. This behavior have been reported by different research groups for O/W emulsions containing L-ascorbic acid in the outer aqueous phase. 38) The factors affecting the retention kinetics of L-ascorbic acid in different systems include the concentration of L-ascorbic acid (active ingredient), the pH and viscosity of the liquid phase and the preparation process. The release pattern of L-ascorbic acid follows zero-order kinetics in W/O and O/W/O emulsions. 23) In most food matrices (juices and fruits) and in water, L-ascorbic acid oxidation and decomposition follow first-order kinetics. 39) In conclusion, food-grade W/O/W emulsions containing a high concentration of L-ascorbic acid were successfully prepared using suitably selected compositions, including gelatin in the inner aqueous phase and glucose in both aqueous phases. In particular, the formulations containing gelatin contributed to better flowability and higher L-ascorbic acid retention. Table 2 . C AA,0 initial concentration of L-ascorbic acid in the inner aqueous phase. C AA,0 of 10% is indicated by , 20% by and, 30% by .
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